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(57) A laser plasma X-ray source which has an 
improved X-ray conversion efficiency and minimized 
occurrence of debris is provided, and a semiconductor 
lithography apparatus using the same and a method 
therefor are provided. Its X-ray generation unit 100 is 
comprised of: vacuum chamber 5 which encases the 
target; target supply unit 110 which supplies a fine par- 



ticle mixture gas target into vacuum chamber 5: laser 
irradiation unit 120 which irradiates laser beam 2 on the 
particle mixture gas target 10; and target recovery unit 
130 which recovers unused particle mixture gas target 
from the vacuum chamber 5. 
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Description 

FIELD OF THE INVENTION 

This invention relates to a laser plasma X-ray 
source which by irradiating a laser beam on a target 
produces a plasma and from which to generate an X- 
ray. 

BACKGROUND OF THE INVENTION 

JP Laid-open No.6-281799 discloses that a solid 
target provided in the shape of a winding tape is irradi- 
ated with a laser beam so as to generate an X-ray. 

JP Laid-open No.61 -153935 discloses that a drop- 
let of liquid metal is irradiated with a laser beam so as to 
generate an X-ray. 

JP Laid-open No.2-1 00297 discloses that a bullet- 
shaped target having a diameter smaller than a spot 
diameter of a laser is irradiated with laser so as to pro- 
duce an X-ray. 

JP Laid-open No.57-41 167 discloses that solidified 
rare gas or water particles are irradiated with a laser 
beam so as to produce an X-ray. 

OSA, Trends in Optics and Photonics, volA 
EXTREME ULTRAVIOLET LITHOGRAPHY, 1996, 
pp.66- discloses that a pressurized gas is injected into a 
vacuum chamber, then the injected gas is irradiated 
with a laser beam so as to produce an X-ray. 

When a target is irradiated with a laser beam, 
atoms and molecules in the target are subjected to opti- 
cal breakdown to ionize thereby producing a laser 
plasma. Then, an X-ray is generated from the laser 
plasma having been produced. Depending on the spe- 
cies of elements in the target and status thereof, an 
intensity of the laser beam required for the optical 
breakdown will change. A minimum limit value of a laser 
beam intensity which causes the optical breakdown is 
referred to as a breakdown threshold. 

Optical breakdown thresholds become higher in the 
order of (1)gas, (2)liquid and (3)solid. In other word, a 
laser beam intensity required for producing a plasma 
using the same number of atoms can be lowered by 
using a sola and/or a liquid targets than by using a gas 
target. Therefore, in the case where liquid and solid tar- 
gets are used, its X-ray conversion efficiency 
(expressed in energy of X-rays generated relative to 
energy of irradiated laser) becomes higher than in the 
case where a gas target is used. 

However, when a solid target in a bulk or a liquid 
target having a diameter larger than a spot diameter of 
a laser beam is used, a heat generated in a region of the 
target irradiated by laser beam is conducted to its 
peripheral region thereby melting the peripheral region 
thereof, "men, a melt portion is caused to scatter by an 
expansion pressure associated with the production of 
the laser plasma. This scattered portion is called debris 
which assumes various forms such as an ionized state, 



cluster state and a particle with several tens urn in size. 
This debris attaches and damages optical elements in 
the vacuum chamber. 

When solid and liquid targets are provided in the 

s form of a particle having a diameter which is smaller 
than the spot diameter of the laser beam, the amount of 
debris will be reduced due to absence of particles in the 
periphery of the irradiated portion, with the same X-ray 
conversion efficiency ensured as by using the solid and 

10 liquid targets. However, it is very difficult to supply a tar- 
get in the shape of particles in synchronism with irracfia- 
tion of a laser beam, and thus, it is difficult to produce X- 
rays stably. 

A target of particles prepared by freezing a chemi- 

is cally stable gas such as rare gases will not produce 
debris when melted since it turns into a chemically sta- 
ble gas. However, it is difficult to supply such targets 
thereby preventing stable production of X-rays. Further, 
since frequencies of its specified X-ray are limited, and 

20 if there exists a difference from a desired wavelength, its 
X-ray conversion efficiency becomes substantially low- 
ered than that of a metal target. 

On the other hand, when using a gaseous target, 
since it has a smaller heat conduction to its peripheral 

25 portion of the target compared to the solid and liquid tar- 
gets, thus not likely causing melting of the peripheral 
portion, a continuous supply of such gaseous target can 
be ensured with minimum debris thereby capable of sta- 
bly producing X-rays. However, since its breakdown 

30 threshold is higher, and its atomicity density is lower, its 
X-ray conversion efficiency is lower than those of the 
solid and liquid targets. 



35 



SUMMARY OF THE INVENTION 



The present invention has been contemplated to 
solve the above-mentioned problems associated with 
the prior art. The main object of the present invention is 
to provide a laser plasma X-ray source which can mini- 

40 mize formation of debris and has an improved X-ray 
conversion efficiency, and provide a semiconductor 
lithography apparatus using the same and a semicon- 
ductor lithography method therefor. The feature of the 
invention for accomplishing the above-mentioned object 

45 resides in that a target prepared by mixing particles in a 
gas is injected by a target injector into a chamber and a 
laser irradiation apparatus irradiates the injected target 
with a laser beam. According to this feature of the inven- 
tion, since the heat conduction in its target prepared by 

so mixing the particles and the gas is small, thereby pre- 
venting melting of particles in the peripheral portion of 
the target irradiated with a laser beam, formation of 
debris can be minimized. 

Further, the target of a mixture of particles and the 

55 gas is injected as a fluid flow, thereby allowing a con- 
stant supply of a target flow for a laser pulse, thereby 
stably generating X-rays. 

Still further, although a volume of the target of the 



<EP 



0858249A1 I > 



. » 



• 1 






EP 0 858 249 A1 



mixture of particles and gas through which a laser beam 
penetrates is the same as that in the case of a gas tar- 
get alone, its breakdown threshold is the same as in the 
case of a solid target which is smaller than the case of 
the gas target alone. Therefore, its plasma producible 5 
region in the case of using the mixed target becomes 
greater than a plasma producible region using the gas 
target alone, and since a greater number of particles 
and gaseous molecules are included in these plasma 
producible region, the number of fine particles undergo- 70 
ing the optical breakdown increases than in the case of 
using particle target or gaseous target alone. Thereby, 
brightness of X-rays having been generated can be 
increased than in the cases where particle target or 
gaseous target alone is used. 75 

Thereby, its X-ray conversion efficiency can be sub- 
stantially improved. 

Still further, since there exist more particles and 
gaseous molecules in the plasma producible region, 
and since a chance that optical breakdown does not 20 
take place is zero, it can be ensured that irradiation of a 
laser beam will always produce a laser plasma, thereby 
generating X-rays stably without wasting laser beams. 

According to another feature of the invention, a 
diameter of target particles is made smaller than a 25 
diameter of the laser beam which irradiates the parti- 
cles. Thereby, since more particles can exist in its 
plasma producible region, brightness of X-rays having 
been produced can be increased substantially. 

According to still another feature of the invention, 30 
the gas used is a rare gas which is chemically stable. 
Thereby, even if it adheres to optical elements in the 
vacuum chamber in ionic state, it is readily neutralized 
by combining with electrons, as a result, minimizing for- 
mation of debris. 35 

According to furthermore feature of the invention, 
the target particle comprises a low melting point metal 
which can be completely turned into a plasma when 
irradiated with a laser beam, thereby minimizing forma- 
tion of debris. *o 

According to still another aspect of the invention, 
the target is composed of a mixture of metal particles 
and a rare gas both having an identical specific X-ray 
wavelength. According to this feature, since the metal 
particles and rare gas molecules will emit X-rays having as 
the same wavelength in a plasma, a brighter X-ray can 
be produced than in the case of using a target either of 
metal particles or rare gas alone. 

According to still another aspect of the invention the 
features reside in that a target is provided by mixing par- so 
ticles with a gas, a target injector injects the target, a tar- 
get recovery unit is provided opposite to the target 
injector to recover unused targets, and a laser irradia- 
tion unit irradiates the target present between the injec- 
tor and the recovery unit with a laser beam, since ss 
particles and gaseous molecules which were not used 
in the production of plasma and those which returned to 
their steady states can be recovered, the vacuum cham- 



ber can be maintained at a low pressure, thereby pre- 
venting loss of X-rays having been produced. 

According to still further aspect of the invention, the 
feature thereof resides in that the laser irradiation unit 
has a convergence lens to converge a laser beam into a 
linear transverse line for irradiating the targets. Accord- 
ing to this feature, when the linearly converged laser 
beam is irradiated on the targets, a cigar-type plasma is 
produced from which a higher intensity X-ray can be 
obtained in the axial direction of the plasma since more 
X-rays are emitted in this direction. 

According to furthermore aspect of the invention, 
the features thereof reside in that a convergence mirror 
is used to direct an X-ray produced by the laser plasma 
X-ray source of the invention to a semiconductor mask, 
and an X-ray reduction exposure mirror is used to 
reduce an X-ray reflected from the mask then to project 
a reduced X-ray on a semiconductor wafer. According to 
these features of the invention, since the laser plasma 
X-ray source of the invention produces less debris, 
damages of X-ray optica! elements such as the conver- 
gence mirror, mask, X-ray reduction exposure mirror in 
the semiconductor lithography apparatus and of the 
vacuum chamber walls can be prevented. Still further, 
since a brighter X-ray can be supplied stably from the 
laser plasma X-ray source of the invention, there occurs 
no problem due to lack of exposure, thereby it becomes 
possible to shorten a period of time for exposure. 

Still further, since the mixture target combining par- 
ticles and gas of the invention which has a small heat 
conductance is prevented from forming debris upon irra- 
diation of a laser beam even without the use of the tar- 
get injector, there occurs no melt of particles in the 
peripheral portion of the target, thereby attaining a 
higher X-ray conversion efficiency than in the cases of 
using a target of particles alone or gaseous target 
alone. 

According to the present invention, the following 
advantages can be accomplished. 

Occurrence of debris can be minimized since 
unnecessary melting of particles is prevented by the 
steps of using the particle mixture gas target; injecting 
the mixture target into the vacuum chamber by the tar- 
get injector; and irradiating the laser beam on the 
injected target by the laser irradiation unit A more 
improved X-ray conversion efficiency can be obtained 
compared to the cases of using particle alone targets or 
gaseous target alone. Further, since targets can be sup- 
plied continuously to the laser pulses, X-rays can be 
generated stably. Still further, since a larger area of 
plasma producible region which include more numbers 
of particles and gaseous molecules therein compared 
to the cases of using gaseous target alone can be 
obtained, a larger number of fine particles can be opti- 
cally broken down, and the brightness of X-rays having 
been produced can be improved substantially com- 
pared to the cases of using the particle alone target or 
gaseous alone target Furthermore, a laser plasma can 
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be produced whenever a laser beam is irradiated with- be more clearly understood with reference to the 

out wasting the laser beam to stably produce an X-ray. accompanying drawings, wherein: 

By providing particles each having a smaller diam- 
eter than that of the laser beam to irradiate thereon, a Fig. 1 is a schematic block diagram of a semicon- 
more number of particles can be included in the plasma s ductor lithography apparatus using a laser plasma 
producible region, thereby improving the brightness of X-ray source according to a first embodiment of the 
X-rays having been generated. invention; 

Since rare gas is used as the gas component which Fig. 2 shows an intensity distribution of a laser 

is chemically stable and does not produce debris, beam which is converged; 

occurrence of debris can be minimized. io Fig. 3 shows a result of measurements of a lumi- 

Since metallic particles having a low melting point is nous intensity distribution of visual light when a 

used, the occurrence of the debris can be further laser plasma is formed; 

reduced. Fi 9- 4 shows frequency distributions of the numbers 

By provision of a target composed of a mixture of of breakdowns occurred in a plasma producible 

metallic particles and a rare gas both of which have is region; 

approximately the same wavelength of specified X-rays, Fig. 5 is a schematic block diagram of a laser 

a more intensified brightness X-ray can be obtained. plasma X-ray source according to a second embod- 

According to the laser plasma X-ray source of the iment of the invention; 

invention comprising: using a particle mixture gas tar- Fig. 6 is a schematic block diagram of a laser 

get; injecting the mixture target by the target injector; 20 plasma X-ray source according to a third embodi- 

recovering unused targets by the target recovery unit ment of the invention; and 

provided opposite to the target injector; and irradiating Fig. 7 is a schematic block diagram of a semicon- 

the targets present between the injector and the recov- ductor lithography apparatus using the laser 

ery unit by the laser irradiation unit, inside the vacuum plasma X-ray source according to a fourth embodi- 

chamber can be maintained at a low pressure, and loss 25 ment of the invention, 
of X-rays having been generated can be prevented. 

By provision of the convergence lens which con- PREFERRED EMBODIMENTS OF THE INVENTION 
verges the laser beams from the laser irradiation unit 

into the linear transverse shape to irradiate the target so The present inventors, by noting the advantages of 

as to produce the cigar-shaped plasma, a more intensi- 30 a solid and liquid targets which have a high X-ray con- 

fied X-ray can be obtained in the direction of the major version efficiency and a high brightness of X-ray, and 

axis of the cigar-shaped plasma. the advantage of a gas target which has a least debris, 

By provisions of the converging mirror which directs have contemplated to provide a target of f ine particles of 

X-ray generated by the laser plasma X-ray source of the solid or liquid which has a diameter sufficiently smaller 

first embodiment to the mask, and of the X-ray reduction 35 than the diameter of a laser beam. Thus, we have 

lithographic mirror which reduces X-ray reflected from invented an apparatus and method for stably producing 

the mask and projects it on a semiconductor wafer, X-rays by mixing solid or liquid particle targets with a 

damages of X-ray optical components such as the con- gas, and supplying its mixture by injecting into a vacuum 

verging mirror, mask and X-ray reduction lithographic chamber. 

mirror as well as damages of the wall of the vacuum 40 Further, the inventors have confirmed by experi- 
chamber can be prevented since the occurrence of ments that a mixture target having solid or liquid parti- 
debris in the laser plasma X-ray source is minimized. des mixed in a gas (hereinafter referred to as a particle 
Still further, since a stable and intensified brightness X- mixture gas target) has a breakdown threshold which is 
ray can be supplied from the laser plasma X-ray source, the same as that of solid or fluid even if the particle mix- 
the exposure time can be reduced substantially without 45 ture gas target included the gas, then it is discovered 
lack of exposure. that although slightly smaller compared to a mass or 
Still more, by irradiation of laser beam even on a tape-shaped solid or liquid targets, this particle mixture 
mixture of particles and a gas which are not injected by gas target has a higher X-ray conversion efficiency 
the target injector, occurrence of debris can be reduced compared to those of a target comprising solid particles 
as well since its heat conductivity of the particle mixture so alone or liquid particles alone (hereinafter referred to as 
gas target is low thereby causing no melting of particles particle targets), and of a gas target alone (hereinafter 
in the peripheral region. Thus, a more improved X-ray referred to as a gas target). 

conversion efficiency can be obtained compared to the Preferred embodiments of X-ray sources using par- 
cases of using particle alone target or gas alone target. tide mixture gas targets and semiconductor lithography 

55 apparatuses using the same according to the invention 

BRIEF DESCRIPTION OF THE DRAWINGS will be described in details in the following. 

The features and advantages of the invention will 
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EMBODIMENT 1: 

With reference to Fig. 1, a semiconductor lithogra- 
phy apparatus using a laser plasma X-ray source of a 
first embodiment of the invention is shown. This semi- s 
conductor lithography apparatus is comprised of an X- 
ray generating unit 100 which generates X-rays, and an 
exposure unit 200. Exposure unit 200 directs an X-ray 
14 generated in X-ray generating unit 100 by conver- 
gence mirror 15 to a mask 16, then directs a mask pat- w 
tern reflected from mask 16 to an X-ray reducing 
exposure mirror 1 7 which reduces the mask pattern and 
projects a reduced mask pattern on a surface of a wafer 
18 (specimen). 

X-ray generating unit 100 will be described more in is 
detail. X-ray generating unit 100 of the invention is com- 
prised of a vacuum chamber 5 which encloses the tar- 
get flow, a target supply unit 110 which supplies a 
particle mixture gas as a target flow into vacuum cham- 
ber 5, a laser irradiation unit 120 which irradiates parti- 20 
cie mixture gas target 10 with a laser beam 2, and a 
target recovery unit 130 which recovers unused particle 
mixture gas from vacuum chamber 5. 

Target supply unit 110 is provided with a particle 
tank 6 which contains metal particles having a diameter 25 
sufficiently smaller than the diameter of a laser beam, a 
chemical cylinder 7 which is filled with a rare gas, a 
mixer 8 which mixes metallic particles supplied from 
particle tank 6 and a rare gas supplied from chemical 
cylinder 7, and a supply nozzle 9 which injects a particle 30 
mixture gas formed in mixer 8 into vacuum chamber 5. 

Laser irradiation unit 120 is provided with a laser 
beam generator 1 which produces laser beam 2, and a 
condenser lens 3 which converges laser beam 2. It is 
preferable for laser beam generator 1 to be able to gen- 35 
erate a YAG laser or excimer laser as laser beam 2 hav- 
ing a pulse width less than several tens ns and an 
output per pulse of several tens mJ to several tens J. 
Laser beam 2 is converged by condenser lens 3 into a 
diameter of several tens to several hundreds j^m on the <#? 
particle mixture gas target in vacuum chamber 5. In 
order advantageously to be able to produce laser 
plasma 11, an energy density on particle mixture gas 
target 10 is preferably in a range of 10 15 to 10 22 W/m 2 . 

Target recovery unit 1 30 is provided with a recovery 45 
duct 12 which recovers metal particles and rare gas 
having been supplied into vacuum chamber 5 but were 
not used in the plasma production or returned to its 
steady state, and a recovery tank 13 therefor. 

Within vacuum chamber 5, there are disposed so 
oppositely an injection port of supply nozzle 9 and a 
recovery opening of recovery duct 12. Laser beam 2 
emitted from laser irradiation apparatus 120 passes 
through a laser beam transmission window 4 provided 
in the wall of vacuum chamber 5 and irradiates particle 55 
mixture gas target 10 having been injected from supply 
nozzle 9. Inside of vacuum chamber 5 is maintained at 
a low pressure by a vacuum pump (which is not shown). 



For example, assuming that a pressure inside vacuum 
chamber 5 is 10* 2 to 10* 3 torr, and a pressure inside 
supply nozzle 9 is several torr, then particle mixture gas 
target 10 is injected into the chamber in a state of fluid 
flow. Then, remaining particle mixture gas target 10 
unused in the plasma formation or returned to its steady 
state are recovered from recovery duct 12 to be 
removed from vacuum chamber 5. 

When a focused laser beam 2 irradiates particle 
mixture gas target 1 0, metal elements and rare gas mol- 
ecules in the particle mixture gas target 10 undergo an 
optical breakdown to become ionized under intense 
electrical fields due to laser beam 2. Electrons gener- 
ated in ionization of the metal elements and rare gas 
molecules further absorb energy of laser beam 2 
through the process of the inverse bremsstrahlung and 
the like to become heated, thereby producing a high 
temperature and high density laser plasma 11 in a 
region through which laser beam 2 has penetrated. 

Temperatures and densities of electrons of laser 
plasma 11 differ depending on species of metal parti- 
cles and rare gases contained in particle mixture gas 
target 10, and also depending on types of lasers and 
their conditions used. However, it is preferable if a 
plasma can be produced which has an electron temper- 
ature more than several hundred eV, and an electron 
density of approximately 10 20 to 10 22 /cm 3 . 

An X-ray having a continuous spectrum is emitted 
from laser plasma 1 1 through the bremsstrahlung proc- 
ess of electrons in laser plasma 11, and by free-free 
transition and free-bound transition in a recombination 
process of the plasma. Further, a specificity X-ray is 
emitted through a bound-bound transition in the recom- 
bination process of the plasma. X-rays emitted from 
laser plasma 11 are utilized in exposure unit 200 pro- 
vided adjacent thereto. * 

A relationship between the number of particles 
present in the plasma producible region and the gener- 
ation of X-rays will be described in the following para- 
graphs. 

Figure 2 shows a relationship of a distribution of 
laser beam intensities relative to the shape of laser 
beam 2 converged by convergence lens 3. The smaller 
the diameter of laser beam 2 becomes, the greater the 
laser beam intensity becomes. In the region of particle 
mixture gas target 1 0 which is penetrated by laser beam 
2, a portion thereof having a laser beam intensity 
greater than the breakdown threshold undergoes an 
optical breakdown thereby producing a laser plasma, 
while another portion thereof having a laser beam inten- 
sity lower than the breakdown threshold will not produce 
a plasma. This portion where the laser plasma can be 
generated is referred to as a plasma producible region. 

Assuming that a diameter of particles used is suffi- 
ciently smaller than the diameter of a cross-section of 
the laser beam having been converged, a probability 
that (x) number of particles exist in the plasma produci- 
ble region is expressed by the following equation 
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according to the Poisson distribution, where a volume of 
the plasma producible region is V (m 3 ), and a particle 
density in particle mixture gas target 10 is n (/m 3 ), 

x 

K(x)=%re" a eq. 1 



where a=nV . 

Therefore, by obtaining volume V of the plasma 
producible region which is determined by the break- 
down threshold of the particles used and substituting 
the same in equation 1 above, and by varying the parti- 
cle density (n) of the particle mixture gas, it becomes 
possible at a probability of K(x) to set the number of par- 
ticles present in the plasma producible region at a 
desired value. 

Now, a relationship between the number of parti- 
cles present in the plasma producible region when par- 
ticle mixture gas target 10 was irradiated with laser 
beam 2 to produce laser plasma 1 1 , and the number of 
particles which underwent optical breakdown will be 
described in the following. In our experiments, a second 
harmonic (532 nm wavelength) of YAG laser was used 
as laser beam 2 which has an output power of 100 
mJ/pulse (10 ns pulse width), and the diameter of the 
laser convergence cross-section was set approximately 
at 10 urn. As its particle mixture gas, particles having a 
diameter of 0.5 nm and a rare gas were used. 

Figure 3 shows a result of measurements of lumi- 
nance intensity distributions of visual light obtained 
when a laser plasma was formed by irradiating one 
pulse laser beam in a direction of laser irradiation (in the 
direction of z in Fig. 2). When the particles (metal parti- 
cles and rare gas) are ionized to form a plasma and emit 
a high intensity light, namely, when the particles 
undergo the optical breakdown, it is measured as a 
peak of the luminance intensity. By way of example, 
when there exists one such particle which was optically 
broken down in the plasma producible region, one peak 
appears as indicated in Fig. 3(a), and when there exist 
two such particles which were optically broken down, 
there appear two peaks as indicated in Fig. 3(b). 

Frequency distributions of the number of the parti- 
cles (experimental result) which were optically broken 
down when one pulse laser was irradiated to produce 
the laser plasma, and frequency distributions of the 
number of the particles which were calculated to have 
been optically broken down using the Poisson's distribu- 
tion are compared in Fig. 4 for each average number of 
particles (a) in the plasma producible region. 

When an average number of particles (a) is approx- 
imately at 1.5 or less, calculated values and experimen- 
tal values are found to agree with one another, thereby 
verifying that the particles present in the plasma pro- 
ducible region are optically broken down in accordance 
with the theory. Further, in this case, a frequency of a 
status in which no laser plasma is generated upon laser 
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beam irradiation (i.e., a status of zero breakdown) is 
observed to be high. 

On the other hand, when the average number of 
particles (a) is 6.6, the frequency distribution of the 

5 experimental values is shifted greatly from that of the 
calculated values. Namely, the number of particles hav- 
ing been optically broken down experimentally obtained 
is smaller than the calculated value. This is considered 
because that since the particles which have been opti- 

10 cally broken down are allowed to absorb the laser / 
beam, when many particles are optically broken down, | 
there occurs a shortage in the laser beam intensity, ) 
thereby preventing more particles from being optically j 
broken down. However, by further increasing the laser j 

15 beam intensity, the number of particles to be optically 
broken down can be increased. 

In addition, in this case described above, since the ; 
chance of frequency that no optical breakdown takes 
place (Le., the frequency that the number of particles 

20 which are optically broken down is zero) is none, a laser 
plasma is always ensured to be formed upon irradiation 
of the laser beam. Therefore, such conditions of this 
case are rather preferable for stably generating X-rays 
without wasting any laser beams. 

25 According to this first embodiment of the invention, 
the following advantages can be achieved. 

According to this embodiment of the invention in 
which the particle mixture gas target is used which 
includes metal particles having a diameter smaller than 

30 the diameter of the focused laser beam, and the rare 
gas, an improved X-ray conversion efficiency higher 
than those obtained by using metal particle target alone 
or rare gas target alone is achieved. 

Since the particle mixture gas target of the inven- 

35 tion has a smaller heat conduction, there hardly occurs 
melting of the metal particles in the peripheral portion of 
the laser irradiated region, and since the rare gas mole- 
cules do not turn into debris, formation of debris can be 
minimized. 

40 Although the volume of the particle mixture gas tar- 
get which is penetrated by a laser beam is the same as 
a volume of the rare gas target which is penetrated by 
the same laser beam, since the breakdown threshold of 
the particle mixture gas target which is the same as that 
45 of the solid metal target is lower than that of the gase- 
ous target, its plasma producible region is larger than 
that of the gaseous target Further, since more metal 
particles and rare gas molecules are contained in this 
plasma producible region, the number of particles sub- 
so ject to the optical breakdown increases than in the 
cases of using a metal particle target alone and a rare 
gas target alone, thereby substantially increasing the 
luminance of X-rays generated. 

Still further, since more particles are contained in 
55 the plasma producible region, the frequency of chance 
that no optical breakdown takes place is zero. Thereby, 
whenever a laser beam is irradiated, a laser plasma is 
always ensured to be produced, thereby stably generat- 




r. ...1 Y% . 4 . • '■ .n * 'V "•■ .. ■ * 



11 



EP 0 858 249 A1 



12 



ing X-rays without wasting any laser beams. 

According to this embodiment of the invention, 
since the particle mixture gas target provided by mixing 
metal fine particles and rare gas is injected into the vac- 
uum chamber 5 in the form of a fluid flow, then, a laser s 
beam is irradiated on the injected fluid flow of particle 
mixture gas target, the targets can be supplied without 
interruption, thereby ensuring X-rays to be generated 
stably. 

According to still another feature of the invention, 10 
since unused targets which were not used in the gener- 
ation of the plasma are recovered, inside the vacuum 
chamber 5 can be maintained at a low pressure thereby 
preventing absorption of X-rays by the gases present in 
vacuum chamber 5 so that loss of X-rays having been is 
generated can be prevented. 

Although the metal particles were used in this 
embodiment of the invention, it is not limited thereto, 
and any materials other than the metals which can be 
turned into a plasma to produce X-rays can be used. 20 
Further, if low melting point particles are used, since 
they can be fully atomized in the plasma producible 
region, formation of debris can be suppressed. 

Further, it is preferable for the solid or liquid parti- 
cles and for the gas for use in the particle mixture gas 25 
target to select species of elements which generate the 
same specificity X-ray which has the same wavelength 
as that of a desired X-ray. In the laser plasma, since 
materials can be ionized up to an extremely high 
valence, specificity X-rays not only of K or L 6hells but so 
also of M sheO or more can be generated. For example, 
if fine particles of elements such as Sn or Sb are used, 
since Sn or Sb has a specificity X-ray in the vicinity of 1 3 
nm as for its M shell, an X-ray in proximity to 13 nm in 
the soft X-ray region can be obtained. Further, if Xe is 35 
used as the gas which emits a specificity X-ray in prox- 
imity to 13 nm, an X-ray in proximity to 13 nm can be 
obtained. If a target which is prepared by mixing fine 
particles of element such as Sn or Sb with Xe gas is 
used, an X-ray in the vicinity of 13 nm which has a <o 
brighter luminance compared to the other targets which 
include only either one of the above two can be 
obtained. 

EMBODIMENT 2: 45 

A second embodiment of the invention will be 
described with reference to Fig. 5. The features of this 
second embodiment reside in that it has added a direc- 
tivity of emission to the X-rays produced in the first so 
embodiment, and that a debris recovery unit is provided 
for recovering debris which are scattered in the direction 
of emission of X-rays. 

In the same manner as in the first embodiment, a 
fine particle mixture gas injected into a vacuum cham- 55 
ber (not shown) from supply nozzle 9 is irradiated with 
laser beam 2 which is converged traversal to the flow of 
the mixture gas by a convergence lens 3 to generate an 



X-ray. In this second embodiment of the invention, con- 
vergence lens 3 which converges laser beam 2 into a 
linear shape is used. An electron gun (not shown) is 
provided outside the vacuum chamber for irradiating 
electron beam 22 on X-rays having been emitted 
through a window (not shown) of the vacuum chamber, 
and an ion recovery electrode 24 which is applied with a 
negative voltage is provided in the circumference of X- 
rays generated. 

When laser beam 2 which was converged into the 
linear shape transversely to its flow is irradiated on fine 
particle mixture gas target 10, a cigar-shaped laser 
plasma 1 1 is generated and more X-rays 14 is emitted 
in the direction of a major axis of laser plasma 1 1 . By 
providing directivity of emission to X-rays, a more 
intense X-ray can be obtained. 

When irradiated with electron beam 22, debris 21 in 
the form of particles or atoms having been scattered in 
the direction of the major axis are positively-ionized. 
Positively ionized debris 21 are then attracted by ion 
recovery electrode 24 to be completely recovered. This 
recovery electrode 24 also can recover other scattered 
debris having been ionized in the process of plasma 
production. Thereby, debris 21 from an outlet (not 
shown) of X-rays can be substantially reduced, thereby 
preventing damages of X-ray optical elements and the 
wall of the vacuum chamber. 

Also, it can be arranged such that instead of the 
recovery electrode 24 which recovers ionized debris 21 
by electrical field, the orbit of the ionized debris can be 
changed by magnetic field so that debris 21 can be pre- 
vented to advance into the outlet of X-rays. 

EMBODIMENT 3: 

A third embodiment of the invention will be 
described with reference to Fig. 6. This is an example of 
a laser beam plasma X-ray source using a fine particle 
mixture gas according to the invention in which laser 
beam 2 is irradiated by two different pulses having a dif- 
ference in time of emission. 

As a means for producing and irradiating two pulses 
different in time sequence, a laser beam splitter delay 
optical system 26 is used. This laser beam splitter delay 
optical system 26 includes a beam splitter 27 which 
splits a laser beam from laser generator 1 into two parts, 
a mirror 28 which functions to lengthen an optical path 
of a splitted laser beam than that of non-splitted laser 
beam, and a beam mixer 29 which synthesizes two 
laser beams into one laser beam 2. Pulses of these two 
laser beams are caused to delay in times of irradiation 
from each other in proportion to a difference between 
their optical paths. 

A first pulse irradiated on fine particle mixture gas 
target 10 produces laser plasma 11. Then, a second 
pulse is used to heat laser plasma 1 1 , thereby improv- 
ing the efficiency of X-ray generation. Further, since fine 
particles having been unable fully to fission into atomic 
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stales by the first pulse are heated further by the second 
pulse so as to completely fission, occurrence of particle 
debris in the plasma producible region can be mini- 
mized. 

Further, in order to accomplish the advantage of the s 
third embodiment of the invention, it is not limited to the 
use of laser beam splitter delay optical system 26, but 
two laser generators 1 can be used as well to the same 
effect. 

According to the third embodiment of the invention, w 
there are such advantages that an higher X-ray genera- 
tion efficiency can be obtained, and that occurrence of 
particle debris can be suppressed. 

EMBODIMENT 4: 15 

A fourth embodiment of the invention will be 
described with reference to Fig. 7. According to this 
fourth embodiment of the invention, a separator 30 for 
separating between metal fine particles and rare gas is 20 
provided to the target recovery unit 113 of the first 
embodiment of the invention for returning separated fine 
particles and rare gas to the original particle tank 6 and 
gas cylinder 7 for recycling. 

Thereby, according to this fourth embodiment of the 25 
invention, there are such advantages that maintenance 
of the equipment can be reduced substantially, and that 
a running cost using a costly rare gas such as Xe gas 
can be reduced substantially. 

30 

Claims 

1 . A laser plasma X-ray source for generating an X-ray 
from a plasma which is produced by irradiating a 
laser beam on a target, comprising : 35 

a mixture of particles and a gas as said target; 
a target injector for injecting said target into a 
vacuum chamber; and 

a laser beam irradiation unit for irradiating said 40 
laser beam on said target having been injected. 

2. A laser beam X-ray source according to claim 1, 
wherein said particles have a diameter which is 
smaller than a diameter of the laser beam irradiated 45 
on said target. 

3. A laser beam X-ray source according to claim 1, 
wherein said gas is a rare gas. 

50 

4. A laser beam X-ray source according to claim 1, 
wherein said particles are made of a metal having a 
low melting point. 

5. A laser beam X-ray source according to claim 1, 55 
wherein said target comprises a mixture of metallic 
particles and a rare gas both of which have sub- 
stantially a same wavelength in their specificity X- 



rays. 

6. A laser plasma X-ray source for generating an X-ray 
from a plasma which is produced by irradiating a 
laser beam on a target, comprising: 

a mixture of particles and a gas as said target; 
a target injector for injecting said target into a 
vacuum chamber; 

a recovery port provided opposite to said target 
injector for recovering said target; and 
a laser irradiation unit for irradiating said target 
with said laser beam; wherein 

said laser irradiation unit irradiates said 
laser beam on said target between said injector 
and said recovery unit. 

7. A laser plasma X-ray source according to claim 1 , 
wherein said laser irradiation unit comprises a con- 
verging lens which converges said laser beam into 
a linear line which is transverse to a flow of said tar- 
get. 

8. A semiconductor lithography apparatus comprising: 

a laser plasma X-ray source according to claim 

1; 

a converging mirror which directs an X-ray gen- 
erated in said laser plasma X-ray source to a 
mask; and 

an X-ray reduction exposure mirror which 
reduces X-rays reflected from said mask and 
projects the reduced X-rays on a semiconduc- 
tor wafer. 

9. A semiconductor lithography method for producing 
a plasma by irradiating a laser beam on a target 
generating an X-ray from said plasma, and directing 
said X-ray having been generated to a semiconduc- 
tor wafer to expose a semiconductor device pattern 
on said semiconductor wafer, comprising the steps 
of: 

mixing particles and a gas; 
injecting a mixture of said particles and said 
gas into a vacuum chamber; and 
irradiating a laser beam on a target of said mix- 
ture of the particles and the gas. 

1 0. A laser plasma X-ray source for generating an X-ray 
from a plasma which is produced by irradiating a 
laser beam on a target, wherein said target com- 
prises a mixture of particles and a gas. 

11. A semiconductor lithography method for producing 
a plasma by irradiating a laser beam on a target, 
generating an X-ray from said plasma, and directing 
said X-ray having been generated to a semiconduc- 
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tor wafer so as to expose a semiconductor device 
pattern on said semiconductor wafer, comprising 
the steps of: 

mixing particles and a gas; and s 
irradiating the laser beam on a target of the 
mixture of said particles and said gas. 
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